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(54) Time- and event-controlled activation system for charging and discharging piezoelectric 
elements 



(57) The invention describes an apparatus and a 
method for charging or discharging a piezoelectric ele- 
ment of a system, e.g., for a fuel injection system. The 



method and apparatus are characterized in that the cur- 
rent of a system is regulated as a function of a time char- 
acteristic and an event characteristic to achieve an ef- 
fective low absolute average current. 
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Description 

[0001] The present invention concerns an apparatus 
as defined in the preamble of claim 1 or as defined in 
the preamble of claim 2 and a method as defined in the 
preamble of claims 12, 13, 17, and an application for 
use as defined in the preamble of claim 18; i.e., an ap- 
paratus and a method and an application for use for 
charging and discharging a piezoelectric element, both 
charging and discharging being accomplished at least 
partially via an element acting substantially as an induct- 
ance for the charge and discharge currents. 
[0002] The present piezoelectric elements being con- 
sidered in more detail are, in particular but not exclu- 
sively, piezoelectric elements used as actuators. Piezo- 
electric elements can be used for such purposes be- 
cause, as is known, they possess the property of con- 
tracting or expanding as a function of a voltage applied 
thereto. 

[0003] The practical implementation of actuators us- 
ing piezoelectric elements is advantageous in particular 
if the actuator in question must perform rapid and/or fre- 
quent movements. 

[0004] The use of piezoelectric elements as actuators 
proves to be advantageous, inter alia, in fuel injection 
nozzles for internal combustion engines. See referenc- 
es EP 0 371 469 B1 and EP 0 379 1 82 B1 , incorporated 
herein by reference, regarding the usability of piezoe- 
lectric elements in fuel injection nozzles. 
[0005] Fig. 15 is a schematic representation of a fuel 
injection system using a piezoelectric element 2010 as 
an actuator. Referring to Fig. 15, the piezoelectric ele- 
ment 2010 is electrically energized to expand and con- 
tract in response to a given activation voltage. The pie- 
zoelectric element 201 0 is coupled to a piston 201 5. In 
the expanded state, the piezoelectric element 2010 
causes the piston 2015 to protrude into a hydraulic 
adapter 2020 which contains a hydraulic fluid, for exam- 
ple fuel. As a result of the piezoelectric element's ex- 
pansion, a double acting control valve 2025 is hydrauli- 
cally pushed away from hydraulic adapter 2020 and the 
valve plug 2035 is extended away from a first closed 
position 2040. The combination of double acting control 
valve 2025 and hollow bore 2050 is often referred to as 
double acting, double seat valve for the reason that 
when piezoelectric element 2010 is in an unexcited 
state, the double acting control valve 2025 rests in its 
first closed position 2040. On the other hand, when the 
piezoelectric element 2010 is fully extended, it rests in 
its second closed position 2030. The later position of 
valve plug 2035 is schematically represented with ghost 
lines in Fig. 15. 

[0006] The fuel injection system comprises an injec- 
tion needle 2070 allowing for injection of fuel from a 
pressurized fuel supply line 2060 into the cylinder (not 
shown) When the piezoelectric element 2010 is unex- 
cited or when it is fully extended, the double acting con- 
trol valve 2025 rests respectively in its first closed posi- 



tion 2040 or in its second closed position 2030. In either 
case, the hydraulic rail pressure maintains injection nee- 
dle 2070 at a closed position. Thus, the fuel mixture 
does not enter into the cylinder (not shown). Conversely, 
5 when the piezoelectric element 201 0 is excited such that 
double acting control valve 2025 is in the so-called mid- 
position with respect to the hollow bore 2050, then there 
is a pressure drop in the pressurized fuel supply line 
2060. This pressure drop results in a pressure differen- 

10 tial in the pressurized fuel supply line 2060 between the 
top and the bottom of the injection needle 2070 so that 
the injection needle 2070 is lifted allowing for fuel injec- 
tion into the cylinder (not shown). 
[0007] German patent application Nos. DE 1 97 42 

15 073 A1 and DE 197 29 844 A1 , which are described be- 
low and are incorporated herein by reference in their en- 
tirety, disclose piezoelectric elements with double act- 
ing, double seat valves for controlling injection needles 
in a fuel injection system. 

20 [0008] Piezoelectric elements are capacitative loads 
which, as already partialTy alluded to above, contract 
and expand in accordance with the particular charge 
state or the voltage occurring therein or applied thereto. 
[0009] Two fundamental principles are known for 

25 charging and discharging a piezoelectric element; that 
is, charging and discharging via an ohmic resistance 
and charging and discharging via a coil. In those cases, 
both the ohmic resistance and the coil serve, among oth- 
er purposes, to limit the charge current occurring during 

30 charging, and the discharge current occurring during 
discharging. 

[0010] The first variant, i.e., charging and discharging 
via an ohmic resistance, is illustrated in Fig. 9. 
[001 1 ] The piezoelectric element to be charged or dis- 
ss charged, labeled in Fig. 9 with the reference character 
101 , is connected to a charge transistor 1 02 and a dis- 
charge transistor 1 03. 

[001 2] Charge transistor 1 02 is activated by a charge 
amplifier 104 and in the conductive state connects pie- 
40 zoelectric element 1 01 to a positive supply voltage; dis- 
charge transistor 1 03 is activated by a discharge ampli- 
fier 1 05 and in the conductive state connects piezoelec- 
tric element 101 to ground. 

[0013] When charge transistor 102 is in the conduc- 
45 tive state, a charge current flows through it and charges 
piezoelectric element 101. As the charging of piezoe- 
lectric element 101 increases, the voltage occurring in 
it rises, and its external dimensions also change accord- 
ingly. Inhibition of charge transistor 102, i.e., interruption 
50 or termination of the charging operation, causes the 
charge stored in piezoelectric element 101 and the volt- 
age thereby established in it, and thus also the existing 
external dimensions of piezoelectric element 1 01 , to be 
retained in substantially unchanged fashion. 
55 [0014] When discharge transistor 103 is in the con- 
ductive state, a discharge current flows through and dis- 
charges piezoelectric element 101. As piezoelectric el- 
ement 101 becomes increasingly discharged, the volt- 
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age occurring in it decreases, and its external dimen- 
sions also change accordingly. Inhibition of discharge 
transistor 103, i.e., interruption or termination of the dis- 
charging operation, causes the charge still stored in pi- 
ezoelectric element 1 01 and the voltage thereby estab- 
lished in it, and thus also the existing external dimen- 
sions of piezoelectric element 101 , to be retained. 
[001 5] Charge transistor 1 02 and discharge transistor 
103 act, in terms of the charge current and discharge 
current, like controllable ohmic resistances. The result- 
ing controllability of the charge current and discharge 
current makes it possible for the charging operation and 
discharging operation to be made to occur exactly as 
desired. However, the charge current flowing through 
charge transistor 1 02 and the discharge current flowing 
through discharge transistor 103 generate not inconsid- 
erable power losses therein. The energy loss in the tran- 
sistors for each charge/discharge cycle is at least twice 
as great as the energy stored in piezoelectric element 
101. This high energy loss results in very pronounced 
heating of charge transistor 102 and discharge transis- 
tor 103. 

[001 6] For this reason principally among many oth- 
ers, the second variant, already mentioned above, for 
charging and discharging the piezoelectric element - i. 
e. charging and discharging via a coil - is often used; a 
practical implementation of this second variant is illus- 
trated in Fig. 10. 

[001 7] The piezoelectric element to be charged and 
discharged, which is labeled in Fig. 10 with the reference 
character 201 , is a component of a charge current circuit 
that can be closed by a charge switch 202 , and of a dis- 
charge current circuit that can be closed by a discharge 
switch 206; the charge current circuit comprises a series 
circuit made up of a charge switch 202, a diode 203, a 
charge coil 204, piezoelectric element 201 , and a volt- 
age source 205. The discharge current circuit comprises 
a series circuit made up of a discharge switch 206, a 
diode 207, a discharge coil 208, and piezoelectric ele- 
ment 201 . 

[0018] Diode 203 of the charge current circuit pre- 
vents any current that might discharge the piezoelectric 
element from flowing in the charge current circuit. 
[0019] Diode 207 of the discharge current circuit pre- 
vents any current that might charge the piezoelectric el- 
ement from flowing in the discharge current circuit. 
[0020] When charge switch 202 (normally open) is 
closed, a charge current flows in the charge current cir- 
cuit and causes piezoelectric element 201 to be 
charged; the charge stored in piezoelectric element 201 
and the voltage thereby occurring in it, and thus also the 
existing external dimensions of piezoelectric element 
201, are retained in substantially unchanged fashion 
when the charge switch is opened again. 
[0021] When discharge switch 206 (normally open) is 
closed, a discharge current flows in the discharge cur- 
rent circuit and causes piezoelectric element 201 to be 
discharged; the charge status of piezoelectric element 



201 , the voltage thereby occurring in the piezoelectric 
element 201 and the existing external dimensions of pi- 
ezoelectric element 201, are retained in substantially 
unchanged fashion when the discharge switch is 
5 opened again. 

[0022] Charge coil 204 and discharge coil 206 repre- 
sent an element that acts substantially as an inductance 
for the charge current and discharge current; charging 
coil 204 and piezoelectric element 201 , and discharge 
10 coil 206 and piezoelectric element 201 , constitute an LC 
series oscillator circuit during charging and discharging, 
respectively, of the piezoelectric element 201 . 
[0023] See EP 0 371 469 B1 and EP 0 379 18-2 B1 , 
mentioned above for a discussion of certain circuits be- 
ts ing used for charging and discharging piezoelectric el- 
ements. 

[0024] The apparatuses and methods known from the 
aforesaid documents and described above in terms of 
their fundamental principles are apparatuses as defined 
20 in the preamble of claim 1 or claim 2, and methods as 
defined in the preamble of -claim 9 or claim 10 or claim 
14. 

[0025] Since the circuits as described in Fig. 10 con- 
tain no appreciable ohmic resistances in either the 

25 charge current circuit or the discharge current circuit, 
the heat energy generated by charging and discharging 
of the piezoelectric element, i.e., by the flow of charge 
current and discharge current through ohmic resistanc- 
es is extremely small. 

30 [0026] A relatively large amount of space is required 
for the practical implementation of such circuits, in par- 
ticular because of the not inconsiderable size of charg- 
ing coil 204 and discharge coil 208. 
[0027] The fundamental task when activating piezoe- 

35 lectric elements or piezoactuators is to charge and dis- 
charge the actuator within a predefined time. 
[0028] In the case of the activation system described, 
for example, this can be accomplished by regulating the 
current within a current band, the current band being de- 

40 fined by two setpoints. The current band must be select- 
ed so that the average current flow satisfies the equation 



' average 



= <C p xU p )/T a 



where C p is the piezo capacitance, U p the difference be- 
tween initial and desired voltage at the piezo or piezoe- 
lectric element during charging and discharge, and T A 
the time within which the piezo or piezoelectric element 

50 or piezoelectric element must be charged or discharged. 
[0029] More recent applications have smaller and 
smaller actuators and therefore lower and lower piezo 
or piezoelectric element capacitances; however, the 
same time for charging or discharging is being demand- 

55 ed. These requirements tend to result in a much lower 
average current, for example, approximately 3 A or less. 
[0030] With the existing activation system, however, 
there are limits to the reduction in average current. The 
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current gradient for practical coil applications and piezo 
or prezoelectric element capacitance, for example is 
very high, depending on the inductance and the piezo 
or p.ezoelectric element's capacitance, being up to 10 
A/jis. 

[0031] Since the activation logic and the switches 
used for current control have switching times of approx- 
imately 1 us, this means that the reference current is 
exceeded by up to 10 A. The average current thus can 
be limited to only about 5 A. Greater inductivity in order 
to limit the current, could be helpful here, but this ap- 
pears impractical because it tends to increase size 
[0032] An object of the present invention is to develop 
an apparatus as defined in the preamble of claim 1 or 
claim 2 and a method as defined in the preamble of claim 
12 or claim 1 3 or claim 1 7 and an application for use as 
defined in the preamble of claim 1 8. in such a way that 
achieves arbitrarily low average currents during the 
charging and discharging of piezoelectric elements or 
piezoactuators. 

[0033] Another object of the present invention is to de- 
velop a method as defined in the preamble of claim 12 
or cla.m 13 or claim 17 and an apparatus as defined in 
the preamble of claim 1 or claim 2 and an application for 
use as defined in the preamble of claim 18, in such a 
way that efficient charging and discharging of piezoe- 
lectric elements is made possible therewith, while 
achieving arbitrarily low average currents during the 
™,T 9 discnar 9 in 9 of piezoelectric elements 
[0034] The present invention provides for achieve- 
ment of arbitrarily low average currents during the 
charging and discharging of piezoelectric elements or 
Piezoelectric elements or piezoactuators. In the present 
-nvent.on, the activation system can be modified so that 
the current is not regulated within a certain current band 
but can also exhibits gaps when necessary, allowing a 
low average current during the charging and discharg- 
ing of the piezoelectric elements. 
[0035] Provision is made therein for the charge cur- 
rent and chscharge current to be at least partially passed 
through the same element acting as an inductance and 
for at least one element acting as an inductance to be 
arranged in such a way that both the charge current and 
the discharge current can be passed through it 
[0036] The at least partial charging and discharging 
of the piezoelectric element via an element acting sub 
stanhally as an inductance for the charging or discharge 
current, for example, via a coil or an element acting as 

3 C ^°!: "If k6S " POSSib ' e l ° keep ,he char 9 e cu ^nt path 
and he discharge current path substantially free of elec- 
trical loads; as a result, on the one hand very little energy 
■s consumed (because the power loss is low and be- 
cause the energy withdrawn from the piezoelectric ele- 
ment during discharging is returned to the voltage 
source or can be temporarily stored in a capacitor), and 
on the other hand the heating of the circuit occurring 
dunng charging and discharging can be kept very low 
As a result, the individual components (including the 



w 



15 



20 



25 



power supply) can be designed for relatively low power 
levels, and the measures previously necessary for cool- 
ing either can be entirely omitted or in any event can be 
of very limited scope. 

[0037] Because the charge current and the discharge 
current are passed through the same element acting as 
an inductance, i.e., because the charge current and dis- 
charge current are passed, for example through the 
same coil or through an element acting as a coil it is 
moreover possible to minimize the number of compo- 
nents, more precisely the number of elements acting as 
an inductance; it is evident that, because of the not in- 
considerable size of these eleme nts , th is has a very pos- 
itrve effect on the size of the arrangement in question 
[0038] It is thereby possible to perform eff icient charg- 
ing and discharging ol piezoelectric elements even in 
confined spaces and within predefined time. 
[0039] The apparatus according to the present inven- 
tion is easier and cheaper to manufacture than is the 
case with conventional apparatuses. 
[0040] Advantageous developments of the invention 
are the subject matter of the dependent claims 
[0041] The invention will be explained below in more 
detail with reference to exemplary embodiments, refer- 
ring to the drawings in which: 



30 



Fig. 1 



Fig. 2 



35 



Fig. 3 



40 



45 



Fig. 4 



Fig. 5 



Fig. 6 



55 



shows a circuit according to the present in- 
vention, suitable for charging and discharg- 
ing a piezoelectric element using the method 
according to the present invention; 

shows a depiction to explain the conditions 
occurring during a first charging phase 
(charge switch 3 closed) in the circuit ac- 
cording to Fig. 1 ; 

shows a depiction to explain the conditions 
occurring during a second charging phase 
(charge switch 3 open again) in the circuit 
according to Fig. 1 ; 

shows a depiction to explain the conditions 
occurring during a first discharging phase 
(discharge switch 5 closed) in the circuit ac- 
cording to Fig. 1 ; 

shows a depiction to explain the conditions 
occurring during a second discharging 
phase (discharge switch 5 open again) in the 
circuit according to Fig. 1 ; 

shows the change over time in the voltage 
and cunent values occurring during opera- 
tion of the circuit according to Fig. 1 ; 

shows a circuit according to the present in- 
vention for sequential charging and dis- 
charging of multiple piezoelectric elements 
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using the method according to the present 
invention; 

Fig. 8 shows the change over time in the voltage 

and current values occurring during opera- 5 
tion of the circuit according to Fig. 7; 

Fig. 9 shows a conventional circuit for charging 
and discharging a piezoelectric element via 
elements acting as ohmic resistances for the 10 
charging and discharge currents; 

Fig. 10 shows a conventional circuit for charging 
and discharging a piezoelectric element via 
elements acting as coils for the charging and *5 
discharge currents; 

Fig. 11 shows a profile during charging of a piezoac- 
lualor disposed in a circuit; 

20 

Fig. 12 shows an alternative embodiment of the 
present invention having a lower current 
threshold at 0 A, and a constant time t after 
reaching the low threshold until the charge 
switch 3 according to Fig. 1 is turned on 25 
again: 

Fig 13 shows an alternative embodiment of the 
present invention having an upper current 
threshold and wherein the charge switch is 30 
turned on with a certain but constant fre- 
quency: 

Fig. 1 4 shows an another alternative embodiment of 
the present invention having a predefined 
time delay between reading the current 
threshold and turning on the charge switch 
again: and 

Fig 15 shows a schematic representation of a fuel 
injection system using a piezoelectric ele- 
ment as an actuator. 

[0042] The piezoelectric elements whose charging 
and discharging operations are described in more detail 
below are usable, for example, as actuators in fuel in- 
jection nozzles (in particular in so-called common rail 
injectors) of internal combustion engines. There is, how- 
ever, absolutely no limitation to such a use of the piezo- 
electric elements; the piezoelectric elements can funda- 
mentally be used in any apparatus for any purpose. 
[0043] It is assumed that the piezoelectric elements 
expand in response to charging and contract in re- 
sponse to discharging. The invention is, however, of 
course also applicable if precisely the opposite is the 
case. 

[0044] Fig. 1 shows an embodiment of a circuit for car- 
rying out the method according to present invention for 



charging and discharging a piezoelectric element. The 
piezoelectric element is to be charged in the example in 
question. One of the terminals of piezoelectric element 
1 is permanently connected to ground, i.e., is connected 
to a first pole of a voltage source; the other terminal of 
piezoelectric element is connected to the second pole 
of the voltage source via a coil 2 and a parallel circuit 
made up of a charge switch 3 and a diode 4, and to the 
first pole of the voltage source via coil 2 and a parallel 
circuit made up of a discharge switch 5 and a diode 6. 
[0045] The voltage source comprises a battery 7 (for 
example, a motor vehicle battery), a DC voltage con- 
verter 8 downstream therefrom, and a capacitor 9, serv- 
ing as buffer capacitor, downstream. By way of this ar- 
rangement, the battery voltage (for example, 12 V) is 
converted into essentially any other DC voltage and is 
made available as the supply voltage. 
[0046] In the example being considered, charging and 
discharging of piezoelectric element 1 take place in cy- 
cled fashion. In other words, charge switch 3 and dis- 
charge switch 5 are repeatedly closed and opened dur- 
ing the charging and discharging operations. 
[0047] The conditions occurring as a result are ex- 
plained below with reference to Figs. 2 through 5, of 
which Figs. 2 and 3 illustrate the charging of piezoelec- 
tric element 1 , and Figs. 4 and 5 illustrate the discharg- 
ing of piezoelectric element 1 . 

[0048] Charge switch 3 and discharge switch 5 are 
open if and as long as no charging or discharging of pi- 
ezoelectric element 1 is occurring. In this state, the cir- 
cuit shown in Fig. 1 is in a steady-state condition, i.e., 
piezoelectric element 1 retains its charge state in sub- 
stantially unchanged fashion, and no currents flow. 
[0049] With the onset of charging of piezoelectric el- 
ement 1, charge switch 3 is repeatedly closed and 
opened; discharge switch 5 remains open. 
[0050] When charge switch 3 is closed, the conditions 
shown in Fig. 2 occur, i.e. a closed circuit comprising a 
series circuit made up of piezoelectric element 1 , capac- 
itor 9, and coil 2 is formed, in which a current i LE (t) flows 
as indicated by arrows in Fig. 2. The result of this current 
flow is that energy is stored in coil 2. The energy flow 
into coil 2 is effected by the positive potential difference 
between capacitor 9 and piezoelectric element 1 . 
[0051] When charge switch 3 opens shortly (for ex- 
ample, a few u.s) after it has closed, the conditions 
shown in Fig. 3 occur : a closed circuit comprising a se- 
ries circuit made up of piezoelectric element 1 , diode 6, 
and coil 2 is formed, in which a current i^t) flows as 
indicated by arrows in Fig. 3. The result of this current 
flow is that energy stored in coil 2 flows into piezoelectric 
element 1 . Corresponding to the energy delivery to the 
piezoelectric element, the voltage occurring in the latter, 
and its external dimensions, increase. Once energy 
transport has taken place from coil 2 to piezoelectric el- 
ement 1 , the steady-state condition of the circuit, as 
shown in Fig. 1 and already described, is once again 
attained. 
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[0052] At that time, or earlier, or later (depending on 
the desired time profile of the charging operation), 
charge switch 3 is once again closed and opened again, 
so that the processes described above are repeated. As 
a result of the re-closing and re-opening of charge 
switch 3, the energy stored in piezoelectric element 1 
increases (the energy already stored in the piezoelectric 
element and the newly delivered energy are added to- 
gether), and the voltage occurring at the piezoelectric 
element, and its external dimensions, accordingly in- 
crease. 

[0053] If the aforementioned closing and opening of 
charge switch 3 are repeated numerous times, the volt- 
age occurring at the piezoelectric element, and the ex- 
pansion of the piezoelectric element, rise in steps (see 
the depiction in Fig. 6, explained later). 
[0054] Once charge switch 3 has closed and opened 
a predefined number of times, and/or once piezoelectric 
element 1 has reached the desired charge state, charg- 
ing of the piezoelectric element is terminated by leaving 
charge switch 3 open. 

[0055] When piezoelectric element 1 is to be dis- 
charged again, this is done by repeatedly closing and 
opening discharge switch 5 while charge switch 3 re- 
mains open. 

[0056] When discharge switch 5 is closed, the condi- 
tions shown in Rg. 4 occur: a closed circuit comprising 
a series circuit made up of piezoelectric element 1 and 
coil 2 is formed, in which a current i EE (t) flows as indi- 
cated by arrows in the Fig. 4. The result of this current 
flow is that the energy (a portion thereof) stored in the 
piezoelectric -element is transported into coil 2. Corre- 
sponding to the energy transfer from piezoelectric ele- 
ment 1 to coil 2, the voltage occurring at the piezoelectric 
element, and its external dimensions, decrease. 
[0057] When discharge switch 5 opens shortly (for ex- 
ample, a few us) after it has closed, the conditions 
shown in Fig. 5 occur: a closed circuit comprising a se- 
ries circuit made up of piezoelectric element 1 . capacitor 
9, diode 4, and coil 2 is formed, in which a current i EA (t) 
flows as indicated by arrows in Rg. 5. The result of this 
current flow is that energy stored in coil 2 is fed back 
into capacitor 9. Once energy transport has taken place 
from coil 2 to capacitor 9, the steady-state condition of 
the circuit, as shown in Fig. 1 and already described, is 
once again attained. 

[0058] At that time, or earlier, or later (depending on 
the desired time profile of the discharging operation), 
the discharge switch 5 is once again closed and opened 
again, so that the processes described above are re- 
peated. As a result of the re-closing and re-opening of 
discharge switch 5, the energy stored in piezoelectric 
element 1 decreases further, and the voltage occurring 
at the piezoelectric element, and its external dimen- 
sions, also accordingly decrease. 
[0059] If the aforementioned closing and opening of 
discharge switch 5 are repeated numerous times, the 
voltage occurring at the piezoelectric element, and the 



expansion of the piezoelectric element, decrease in 
steps (see the depiction in Fig. 6). 
[0060] Once discharge switch 5 has closed and 
opened a predefined number of times, and/or once the 

5 piezoelectric element has reached the desired dis- 
charge state, discharging of the piezoelectric element is 
terminated by leaving discharge switch 5 open. 
[0061] Operation of the circuit shown in Fig. 1 , or more 
precisely the charging and discharging of piezoelectric 

10 element 1 as described above, results in the current and 
voltage profiles shown in Rg. 6. 
[0062] The curves depicted in Fig. 6 are labeled with 
symbols representing their measured variables. The 
symbols used represent: 

15 

Q the voltage U B occurring at capacitor 9; 

0: the voltage occurring at piezoelectric element 1 ; 

and 

V: the current flowing through coil 2 

20 

[0063] The current and voltage curves shown in Fig. 
6 illustrate the charging process (in the range from ap- 
proximately 100 u. s to 300 us on the time scale) and 
discharging process (in the range from approximately 

25 400 u.s to 600 jis on the time scale). As is evident from 
Fig. 6, the voltage occurring at piezoelectric element 1 
has a homogeneous and well-controlled profile. 
[0064] At the same time, the circuit with which charg- 
ing and discharging of the piezoelectric element is ef- 

30 fected - more precisely, the circuit shown in Fig. 1 - is of 
extremely simple configuration and optimally efficient. 
Three factors contribute to this, namely 



35 



40 



1) that charging and discharging are accomplished 
through one and the same coil (namely coil 2); 

2) that the energy loss due to heat generation in 
ohmic resistances is negligibly small, and 

3) that the energy stored in the piezoelectric ele- 
ment is fed essentially completely back into capac- 
itor 9, and is thus available for immediate reuse. 



[0065] The first factor makes it possible to minimize 
45 the number of components, in particular the number of 
coils (which are inherently relatively large). The second 
and third factors make it possible to design battery 7 and 
DC converter 8 for relatively low power levels. 
[0066] All of the aforesaid factors, whether alone or in 
50 combination, create or at least contribute to the possi- 
bility of accommodating the circuit provided for charging 
and discharging piezoelectric elements in the smallest 
possible space, and of minimizing costs for the manu- 
facture and operation thereof. 
55 [0067] Using the method described in essence above 
for charging and discharging piezoelectric elements, 
and the circuit suitable for carrying out that method, it is 
possible to charge and discharge a plurality of piezoe- 
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lectric elements in succession rather than only one pie- 
zoelectric element in succession. 
[0068] A circuit which makes that possible is depicted 
in Fig. 7. 

[0069] The circuit shown in Fig. 7 is based on the cir- 
cuit shown in Fig. 1 ; elements corresponding to one an- 
other are labeled with the same reference characters. 
The "only" piezoelectric element 1 according to Fig. 1 is 
replaced by a parallel circuit made up of a diode 1 0 and 
a plurality (n) of piezo or piezoelectric element branches 

11, 12, ... 1n : each piezo or piezoelectric element 
branch comprising a series circuit made up of a piezo- 
electric element 11,, 12,, ... 1n, and a parallel circuit 
made up of a selector switch 11 2 , 12 2 , ... 1n 2 and a diode 
11 3 , 12 3 , ... 1n 3 . 

[0070] Diode 1 0 prevents negative voltages from oc- 
curring at the piezoelectric elements, which might in 
some circumstances be damaged thereby. 
[0071] The selector switch/diode pairs arranged in 
parallel in the individual piezo or piezoelectric element 
branches, i.e., selector switch 11 2 and diode 11 3 in piezo 
or piezoelectric element branch 11 , selector switch 12 2 
and diode 12 3 in piezo or piezoelectric element branch 

12, and selector switch 1n 2 and diode 1n 3 in piezo or 
piezoelectric element branch 1 n, can be implemented 
using electronic switches with parasitic diodes, for ex- 
ample MOSFETs or IGBTs. 

[0072] Charging and discharging of piezoelectric ele- 
ments 11 12 1f ... 1n, is accomplished in substantially 
the same way as charging and discharging of piezoe- 
lectric element 1 according to Fig. 1: i.e., for charging, 
charge switch 3 is repeatedly closed and opened, and 
for discharging, discharge switch 5 is repeatedly closed 
and opened. 

[0073] The piezoelectric element or elements 11 1 , 
1 2 1 , ... 1 n 1 that is or are charged upon repeated closing 
and opening of charge switch 3 is or are determined by 
selector switches 11 2 , 12 2 , ... 1 n 2 ; in each case, the pi- 
ezoelectric elements 11,, 12,, ... 1n 1 that are charged 
are all those whose selector switches 11 2 , 12 2 , ... 1n 2 
are closed during the repeated closing and opening of 
charge switch 3. 

[0074] Selection of the piezoelectric elements 11,, 
12,, ... 1n, to be charged (by closing the associated se- 
lector switches 11 2 , 12 2 , ... 1n 2 ), and cancellation ofthe 
selection (by opening the relevant switches), are gener- 
ally accomplished outside the charging operation. In 
specific cases, if several of the piezoelectric elements 
11,, 12,, ... 1n, are to be charged simultaneously to dif- 
ferent levels, opening and closing of selector switches 
1 1 2 , 12 2 , ... 1 n 2 can also take place during the charging 
operation . 

[0075] The operations occurring during charging of 
the selected piezoelectric elements 11,, 12,, ... 1n, are 
substantially identical to the operations occurring in the 
case of the circuit shown in Fig. 1 . Figs. 2 and 3 and the 
explanations referring thereto are also valid; the only dif- 
ference is that one or more of piezoelectric elements 



11,, 12,, ... 1n,, rather than piezoelectric element 1, are 
charged. 

[0076] Discharging of piezoelectric elements 11,, 
12,, ... 1 n, takes place regardless of the position of the 

5 associated selector switches 11 2 , 12 2 , ... 1n 2 , since the 
discharge current that effects discharge of the piezoe- 
lectric elements can flow via the diodes 11 3 , 12 3 , ... 1n 3 
associated with the respective piezoelectric elements. 
The discharging operation therefore causes all the com- 

io pletely or partially charged piezoelectric elements 11,, 
12,, ... 1n, to be discharged. 

[0077] The operations occurring during discharging of 
the piezoelectric elements 11,, 12, ; ... 1n, are substan- 
tially identical to the operations occurring in the case of 
15 the circuit shown in Fig. 1 . Figs. 4 and 5 and the expla- 
nations referring thereto are also valid; the only differ- 
ence is that one or more of piezoelectric elements 11 , , 
12,, ... In, , rather than piezoelectric element 1,are dis- 
charged. 

20 [0078] If the circuit shown in Fig. 7 is operated in such 
a way that piezoelectric elements 11,, 12,, ... 1n, are 
charged and discharged individually and successively 
as described above, the current and voltage profiles that 
result are those shown in Fig. 8. 

25 [0079] The curves depicted in Fig. 8 are labeled with 
symbols representing their measured variables. The 
symbols used represent: 

Q the voltage U B occurring at capacitor 9; 
30 0: the voltage occurring at piezoelectric element 
11i: 

V: the voltage occurring at piezoelectric element 
12,; and 

Q the voltage occurring at piezoelectric element 
35 in,. 

[0080] The current and voltage profiles shown in Fig. 
8 illustrate the charging and discharging operation for 
piezoelectric element 11, (in the range from approxi- 

40 mately 0.1 ms to 0.7 ms on the time scale), the charging 
and discharging operation for piezoelectric element 12, 
(in the range from approximately 0.8 ms to 1 .4 ms on 
the time scale), and the charging and discharging oper- 
ation for piezoelectric element 1 n, (in the range from 

45 approximately 1 .5 ms to 2.1 ms on the time scale); can 
be understood in looking at the configuration, function, 
and manner of operation of the circuit as shown in Fig. 7. 
[0081 ] As is evident from Fig. 8, the voltage occurring 
at the piezoelectric elements has an almost linear and 

50 well-controlled profile. 

[0082] At the same time, the circuit with which charg- 
ing and discharging of the piezoelectric element is ef- 
fected - more precisely, the circuit shown in Fig. 7 - is of 
extremely simple configuration and optimally efficient. 

55 Once again, as was already the case with the circuit ac- 
cording to Fig. 1 , the factors contributing to this are, prin- 
cipally, that charging and discharging are accomplished 
through one and the same coil (namely coil 2); that the 
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energy loss due to heat generation in ohmic resistances 
is negligibly small; and that the energy stored in the pi- 
ezoelectric element is fed essentially completely back 
into capacitor 9, and is thus available for immediate re- 
use. 5 
[0083] The first factor once again makes it possible to 
minimize the number of components, in particular the 
number of coils (which are inherently relatively large). 
The second factor makes it possible to design the DC 
converter 8 for relatively low power levels. 
[0084] All of the aforesaid factors, whether alone or in 
combination, create or at least contribute to the possi- 
bility of accommodating the circuit discussed above (the 
circuit according to Fig. 7) for charging and discharging 
piezoelectric elements in the smallest possible space, 
and of minimizing costs for the manufacture and oper- 
ation thereof. 

[0085] In each of the exemplary embodiments de- 
scribed, a coil was used as the element acting as an 
inductance This does not, however constitute any lim- 
itation Other elements acting as an inductance, such 
as transmitters, transformers, etc. can (with appropriate 
modi f icntions to the configuration and operation of the 
circuit) rilsc be used instead of the coil. 
[0086] There is also no limitation in terms of perform- 
ing the charging and discharging operations in cycled 
fashion as described. Charging and/or discharging can 
also alternatively or additionally, be performed in other 
ways 

[0087] Provision could be made, inter alia, for per- 
forming the charging and/or discharging operations en- 
tirely or partially by way of one or more charging and/or 
discharging current circuits acting as oscillator circuits. 
[0088] Fig 11 shows, by way of example, an example 
profile dunng charging of a piezoelectric element or pi- 
ezoeicctnc element or piezoactuator, having a higher 
average current than that provided by the present inven- 
tion. 

[0089] In the present invention, instead of closing the 
charge switch 3 again after the current has fallen below 
the lower limit, and thus allowing the current to rise 
again, the activation system according to the present in- 
vention provides for generating, if necessary, a current 
that can exhibit gaps and thus results in a lower average 
current 

[0090] For any of the embodiments of the present in- 
vention, ihe present invention provides that a certain 
time delay or predefined time can be defined such that 
when a certain event occurs such as the current value 
is measured (for example, by a measuring unit or the 
like) as having a value below a predefined lower current 
value or as having a value above a predefined higher 
current value, then the charge or discharge switch is 
made to continue to remain off or on, respectively, until 
the certain time delay or predefined time occurs or runs, 
and then the charge or discharge switch (3, 5) is allowed 
to switch to on or off ; respectively. More particularly, 
when the measured current value is equal to or less than 



the predefined lower current value, then the predefined 
time begins and runs. When the predefined time is com- 
plete or met, then the charge switch 3 switches from off 
to on. This, an embodiment of the present invention, pro- 
vides that any desired average current can be achieved 
by varying the time period. 

[0091] Three alternatives are proposed for this, their 
shared feature being, rather than a purely event-control- 
led control system ("events" being excursions above 
and below the current thresholds), an event- and time- 
controlled control system. 

[0092] A first embodiment of the present invention 
provides, as an additional parameter, a time delay for 
switching the charge switch back on upon an excursion 
below the lower current threshold. In a special case, this 
lower current threshold can be zero as shown in Fig. 12. 
If this time period is set at zero, there is no change com- 
pared with the previous situation. Fig. 12 shows an ex- 
ample of the first embodiment of the present invention 
having a time of about 5 p.s and a lower current threshold 
at 0 A. Any desired average current can be achieved by 
varying the time period. 

[0093] A second embodiment of the present inven- 
tion, as shown in Fig. 13, provides that the lower current 
threshold is omitted. Instead, a square-wave signal with 
a certain frequency is used to switch on the charge 
switch. It is switched off, as before, when the upper cur- 
rent threshold is exceeded. This guarantees that the 
maximum current that occurs cannot cause damage to 
the components. 

[0094] A third embodiment of the present invention, 
as shown in Fig. 14, provides that the charge switch is 
switched back on in each case after a predefinable time 
following the excursion above the upper current thresh- 
old. 

[0095] All activation variants allow for any desired var- 
iation in the activation time and activation current. All 
activation variants allow for gaps in the current, which 
thereby can contribute to a lower average current. 
[0096] The time- and event-controlled activation sys- 
tem for piezoelectric elements or piezoactuators on 
which the present invention is based proves to be at 
least application-neutral as compared to the previously 
implemented purely event-controlled activation system. 
Depending on the embodiment and defined time and 
event characteristics, there may in fact be a cost advan- 
tage due to less complex implementation of the activa- 
tion system in the activation !C. 

[0097] Fundamentally, however, the present inven- 
tion can make possible the implementation of freely se- 
lectable activation signals, greatly increasing the flexi- 
bility of the activation IC. 

[0098] The present invention is readily apparent in 
terms of the product, since it guarantees the desired 
functionality. 

[0099] The present invention, apparatus as defined in 
claim 1 or claim 2 and method as defined in claim 11 or 
claim 1 2 or claim 1 6 or claim 1 7, can be used in a variety 
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of applications and are not necessarily limited to fuel in- 
jection systems. In fact, it is possible, that due to a less 
complex implementation of the activation system in the 
activation IC of the present invention, the present inven- 
tion may provide a less expensive while more efficient 
and reliable alternative to prior methods. 
[01 00] In summary, it may therefore be stated that the 
apparatus and method according to the present inven- 
tion make it possible to perform efficient charging and 
discharging of piezoelectric elements in simple and el- 
egant fashion and even in confined spaces, in particular 
by achieving arbitrarily low average currents during the 
charging and discharging of piezoelectric elements. 



Claims 

1 . Apparatus for charging or discharging a piezoelec- 
tric element (1 and/or 11.,, 12 n , ... In-,), character- 
ized in that a current is regulated as a function of 
a time characteristic and an event characteristic to 
achieve an effective low average current. 

2. Apparatus for charging or discharging a piezoelec- 
tric element (1 and/or 11 v 12 1f ... 1n n ) of a fuel in- 
jection system, characterized in that a current of 
the fuel injection system is regulated as a function 
of a time characteristic and an event characteristic 
to achieve an effective low average current. 

3. Apparatus as according to claims 1 or 2, charac- 
terized in that the current is regulated by switching 
a charge or discharge switch (3, 5) as the function 
of the time characteristic and the event character- 
istic to achieve the effective low average current. 

4. Apparatus as according to any of the preceding 
claims, characterized in that when the current is 
at a level below a predefined lower threshold, the 
charge switch remains open for a predefined time 
interval to allow the current to exhibit a gap. 

5. Apparatus as according to any of the preceding 
claims, characterized in that a charge switch (3) 
or a discharge switch (5) of the apparatus is 
switched from an OFF position to an ON position or 
from the ON position to an OFF position, respec- 
tively to allow or stop charging or discharging when 
an absolute value of the current is respectively 
equal to or greater than or less than the event char- 
acteristic which is a predefined limit threshold cur- 
rent. 

6. Apparatus as according to any of the preceding 
claims, characterized in that a charge or dis- 
charge switch (3, 5) of the apparatus is switched 
from the OFF position to the ON position to allow 
charging or discharging at a predefined time of the 
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time characteristic after the absolute value of the 
current is equal to or less than the event character- 
istic which is a predefined lower limit threshold cur- 
rent. 

5 

7. Apparatus as according to any of the preceding 
claims, characterized in that a square-wave signal 
of a certain frequency is used to switch a charge or 
discharge switch (3, 5) from an OFF position to an 

10 ON position to allow charging or discharging. 

8. Apparatus as according to any of the preceding 
claims, characterized in that the charge or dis- 
charge switch (3, 5)is switched from the ON position 

is to the OFF position when the absolute value of the 
current is equal to or greater than the event char- 
acteristic which is a predefined limit threshold cur- 
rent. 

20 9. Apparatus as according to any of the preceding 
claims, characterized- in that a desired average 
current is achieved by varying the time characteris- 
tic and the event characteristic. 

25 10. Apparatus as according to any of the preceding 
claims, characterized in that a time delay is pre- 
defined so that the charge or the discharge switch 
is switched to the ON position according to the pre- 
defined time delay, the predefined time delay being 
30 set to trigger when the absolute value of the current 
equals or is greater than a predefined current 
threshold. 

11. Apparatus as according to any of the preceding 
35 claims, characterized in that the current is not reg- 
ulated within a current band and exhibits gaps. 

12. Method for charging a piezoelectric element in a 
system, characterized in that a current of the sys- 

40 tern is regulated as a function of a time character- 
istic and an event characteristic to achieve an ef- 
fective low average current. 

13. Method for charging or discharging a piezoelectric 
^5 element (1 and/or 11 v 12 1$ ... 1n^ of a fuel injection 

system, characterized in that a current of the fuel 
injection system is regulated as a function of a time 
characteristic and an event characteristic to 
achieve an effective low absolute average current. 

50 

14. Method as according to claims 11 or 12, character- 
ized in that the charge or discharge switch (3, 5) of 
the system is switched from an OFF position to an 
ON position or from the ON position to an OFF po- 

55 sition, respectively to allow or stop charging or dis- 
charging when an absolute value of the current is 
respectively equal to or greater than or less than the 
event characteristic which is a predefined limit 
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threshold current. 

15. Method as according to claims 11, 12 or 13, char- 
acterized in that a charge or discharge switch (3, 

5) of the system is switched from the OFF position 5 
to the ON position to allow charging or discharging 
at a predefined time of the time characteristic after 
the absolute value of the current is equal to or less 
than the event characteristic which is a predefined 
lower limit threshold current. 10 

16. Method as according to claims 11 or 12, character- 
ized in that a square-wave signal of a certain fre- 
quency is used to switch a charge or discharge 
switch (3, 5) from an OFF position to an ON position *5 
to allow charging or discharging and characterized 

in that the charge or discharge switch (3, 5) is 
switched from the ON position to the OFF position 
when the absolute value of the current is equal to 
or greater than the event characteristic which is a 20 
predefined upper limit threshold current. 

17. Method for charging or discharging a piezoelectric 
clement (1 and/or 11 1t 12 v ... In^of afuel injection 
system, characterized in that a definition is made, 25 
prior to charging or discharging, for an absolute val- 
ue of the current for charging or discharging the pi- 
ezoelectric element (1 and/or 11 1? 12 1f ... 1n 1 ) as a 
function of a time characteristic of the fuel injection 
system. 30 

18. Application in particular eligible for use in a fuel in- 
jection system, the fuel injection system according 
to any of the foregoing claims, the fuel injection sys- 
tem preferably using a double acting control valve. 35 
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Normal control " in the connector 
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FIG. 12 
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FIG. 13 

Constant control frequency ( 50 kHz ) 
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